Threshold velocities for agricultural soils were measured for a wide variety of conditions in ord'er to quantify a model of dust emissions for the United States. These measurements supplement threshold velocities for arid and semiarid soils (Gillette, et al., 1980 , Gillette, et al., 1982 . The model will be used in precipitation acid/base balance studies. The soils were organized according to surface texture, organic matter content, and calcium carbonate composition. They were further organized by the physical surface states: smooth-loose, cloddy, and crested. Sandy soils were found to have the lowest threshold velocities and were the least affected by wetting (precipitation). Loamy soils were found to have the highest threshold velocities and were the most affected by precipitation wetting.
' loam, silt loam, clay loam and silty clay loam. In our secondary classification clay and silty clay soils having less than 3% organic matter are also separated from clay and silty clay soils having more than 3% organic matter for reasons that will be given in section 4. Silt and sandy clay textures are ignored, since zero area of those textures is shown in the inventory of erodible soils as given by the NRI in Figure 1 . A further subdivision in the organization for threshold friction velocity work is based on the friction velocity Reynolds number, In laboratory studies using monodisperse particles having the same density, the parameter Dj, has been taken to be the diameter of the tested particles. For natural soils, however, particle sizes range over several orders of magnitude. In addition, natural soils form aggregates, the size distributions of which change as a function of wetting, disturbance, etc. Gillette et al. [1980] found that a useful length scale for eroding soils is the mode of the mass size distribution of loose aggregates present on the surface of the soil. They found that the size distribution of those aggregates available for erosion and those particles set into motion at threshold velocity are virtually the same. The length scale was best established when the size distribution had a sharp peak; such a peak was observed for only a small fraction of the soils. In many cases the mass size distribution showed a very gentle maximum, and in several cases, multiple modes were found. Gillette [1984] reviewed the literature for natural threshold velocities and found a minimum Reynolds number of 2.6 for all reported values for the observations of Lettau and Lettau (1978) . The threshold friction speed parameter A for idealized soil (e.g., monodisperse particles) is almost constant for Reynolds numbers larger than 1 [Iversen, et al., 1976] the mode of the size distribution of loose particles on the soil surface. Indeed, this relationship was found to be the most useful predictor of threshold friction velocity for natural desert soils, accounting for 55% of the variance for 72 degrees of freedom [Gillette et al., 1980] . Although this relationship was the most useful predictor of u. e a large scatter of data would be expected because of the rather inexact description of the natural dry aggregate size distribution by a single parameter. Thus we used a 12,647 I I x i rough but useful classification of surface description corresponding to information on dry aggregate size distribution: "smooth-loose" corresponds to a disaggregated soil having a small mode of the size distribution; "cloddy" corresponds to a soil having coarse aggregates; and "crusted" corresponds to a soil having a significant surface crust.
Soil crusts and aggregates of soils were found to increase u. t [Gillette et al., 1980] . To quantify the strength of crusts in resisting erosion and in maintaining themselves against mechanical disturbance, modulus of rupture, M, was determined. Modulus of rupture is defined as The stability of aggregates of soils was tested by measuring the percentage of aggregates larger than a given size (1 mm) remaining larger than that size following 2 min of rather vigorous mechanical sieve shaking.
METHODS

Threshold Friction Velocity Determination
A portable wind tunnel described by Gillette [1978] was used with an open-floored test section so that a variable-speed turbulent boundary layer could be formed over a flat soil containing small-scale roughness elements. The wind tunnel used a two-dimensional 5:1 contraction section, with a honeycomb flow straightener and a roughly conical diffuser attached to the working section in a configuration similar to that described by Wooding [1968] . Dimensions of the cross section of the working section are 15.24 X 15.24 cm, and the length of the working section is 240 cm.
Wind speed data were collected at several heights above the surface midway across the end of the working section. The Pitot tube anemometer was calibrated and corrected for temperature and pressure changes. Data for the mean velocity U versus height (wind profile data) were fitted to the function for aerodynamically rough flow [see Priestley, 1959] :
where u, is friction velocity, z is height above the surface, z 0 is roughness height characteristic of the surface, and k is Von Karman's constant. The threshold velocity profile was obtained when continuous movement of soil particles was first visible. Several of our field samplings were within about 100 m of the NOAA Boulder Atmospheric Observatory (BAO) in Erie, Colorado. These soils were monitored closely, and times when threshold friction velocities were reached were recorded. 
Soil Descriptions
Several soils representative of each textural group were chosen in agricultural areas of the United States having wind erosion problems. The soil textures were located by soil maps or by approximate soil texture determination in the field. Later, all soils were classified in a soil laboratory for soil texture, and some mapping-or field-determined textures were found to be slightly inaccurate. For example, several of our "silt loam" soils, according to mapping classification, were actually "loam" soils, as determined by laboratory determinations.
Locations and details, such as descriptions of the land and cropping for each soil sample, are given in Table 2 . All soil samples were tested for in situ conditions. The wind tunnel was placed directly over the soil to be tested, so that the exposed soil was as homogeneous as possible.
Mass percentages and size distributions of the test soils were determined after water-soluble material, calcium carbonate, and organic material were removed. The pipette method and sedigraph method were used to determine the size distributions. The resulting compositions of sampled soils in Table 2 Other components of the test soils are given in Table 3 . measurements. The vegetative residue was weighed after the samples were oven dried for 24 hours. for the three soil conditions; smooth-loose, crusted, and cloddy. When threshold velocity was not reached by our apparatus, the maximum friction velocity is given using the "greater than" symbol to indicate that the actual threshold friction velocity is higher. The coarse-aggregate size distribution was determined for smooth-loose and cloddy samples by dry sieving. There were no coarse aggregates in the soil crusts. The soil samples were carefully transported to our laboratory to avoid breakage of aggregates. From the size distribution the maxima (i.e. modes) were obtained for each test (Table 5) .
A measure of how resistant the size distribution was to change is given by the stability measurements. These measurements (given in Table 5 ) show the percentage of soil aggregate mass larger than 1 mm that survives a period of rather vigorous dry sieving provided by a mechanical sieve-shaker for the 1-mm sieve. The method used to obtain the initial size distribution of dry aggregates is a gentle dry sieving, using as little shaking as possible to separate the soil. This method, although relative and certainly not the same as the mechanical stresses experienced by soil aggregates in the field, gives a measure of how stable the aggregates will be to such mechanical disturbances as sandblasting by wind erosion.
Finally, the thickness of the soil crust and modulus of rupture are also given in Table 5 . The modulus of rupture was Table 6 summarizes the threshold friction velocity data given in Table 5 as mean friction •reshold velocities, mean percentages of soil aggregates smaller than 1 mm, average stability for both smooth-loose and cloddy samples, and modulus of rupture. In comparing the percentages of material smaller than 0.84 mm in Table 1 with the percentage of mass smaller than 1 mm in Table 6 , there is general agreement for the smooth-loose soils of Table 6 with Table 1 Table 6 shows that the mean modulus of rupture for soil crusts is very low for sand textures and much higher for all other textures. Crusts having moduli of rupture larger than 0.5 and thicknesses of 1 cm or more are efficient in preventing wind erosion for most winds.
THRESHOLD FRICTION VELOCITIES FOR SMOOTH-LOOSE, CLODDY, AND CRUSTED SOILS VERSUS SOIL TEXTURES
Stability of dry aggregates larger than 1 mm was fairly high (>40%) for all textures except silty clay, silty clay loam, and the calcareous soils making up WEG 4L (see Table 1 ). Such clod stability for almost all soils textures makes the clod-destructive properties of rainfall very important in wind erosion, since cloddy soils are fairly resistant to wind erosion.
With increasing erodibility, according to soil texture, the threshold friction velocities of Table 5 •'Soil contained shale fragments--not really cloddy but loose mixed with gravel-sized particles.
$WEG 4L category. Indeed, soils ND 3 and ND 5 were located within 2 km of each other; both soils were similarly farmed, were flat, and had an approximately 3-cm-thick crust. One soil (ND 5) was rich in calcium carbonate, however, and effervesced when a drop of acid was put onto its surface. Both soils were classified as silt loam soils. Close-up photographs of the surfaces of both soils show that the more calcareous soil (B in Figure 2 ) has a fine, loose surface appearance compared with the smoother consolidated surface of the less calcareous soil (A in Figure 2) . This difference in the microstructure of the thin surface layer caused the large difference in threshold velocity of the two soils: the calcareous soil was erodible for friction velocities larger than 71 cm s 4, and the noncalcareous soil did not erode for the highest wind speed developed by our wind tunnel. This difference in soil properties is manifested in the very thin, loose surface-layer, approximately 1 mm thick. In many cases, bulk soil properties can be very different from the surface-layer soil properties. 
THE EFFECT OF PRECIPITATION ON
Sand Texture
Wind erosion measurements were obtained for soil sample TX 4 before and after an intense 3-cm rainfall.
The condition before and after the rainfall was smooth-loose, and the threshold velocity did not change. On the other hand, observations of sand-textured cloddy fields showed that the effect of intense rains was to "melt" the clod structure to a smooth-loose or weak, crusted flat soil having much lower threshold friction velocities than in the cloddy state.
Loamy Sand Texture
Threshold friction velocity was measured before and after erosion on soil sample TX 3. Wind erosion was stopped by approximately 1 cm of rainfall, but resumed within 10 min after rain cessation. Although underlying soil was saturated, the top 1-mm layer of soil at the soil-air interface was dried by high winds within minutes after rainfall stopped. Threshold velocity was the same before and after rainfall.
Sandy Loam Texture
The NE 8 bare soil at Alliance, Nebraska, experienced less moisture than normal from November through the date of the wind erosion event, March 18, 1971. Although the soil may have previously been cloddy, copious rain in October 1970 (6.63 cm) probably melted the clods and formed a weak crust. Because of sandblasting from an upwind deposit of highly erodible sandy soil, this crust was destroyed producing the low threshold velocity (44 cm s 4) on March 18. Following a fairly severe dust storm that had wind friction velocities larger than 70 cm s 4, a 6-inch snowfall ended erosion.
After the snow melted a crust formed, the soil had a threshold friction velocity larger than 63 cm s 4, which protected the soil for the remainder of its barren state.
Clay Texture
Two clay soils, samples TX 9 and NM 1, were observed prior to and following major precipitation events. TX 9 was typical of clay soils that are rich in organic matter and that break into small erodible aggregates after sufficient drying. Threshold velocity was measured at approximately 50 cm s 4 prior to a 4-cm rainstorm that soaked the soil for 2 days. The erodible clay material was thoroughly wetted and became a thick layer of water-saturated mud. The precipitation event was followed by a long dry period. Within a month the threshold friction velocity was 60 cm s 4 corresponding to clay that had cracked into 1-to 2-mm-sized aggregates. The aggregates were eroded by winds at that time but, because of their rather large size, did not become suspended and were deposited within a few tens of meters of their origin. During the next several months of severe drought and frequent winds higher than threshold, the clay aggregates were mechanically worn down and threshold friction velocity was measured at 35 cm s 4.
NM 1 was typical of low organic composition desert clay crusts. Our equipment did not generate sufficient friction velocity to initiate erosion for this soil during any time. The relevant parameters of crust thickness and crust modulus of rupture were plotted in Figure 3 correlate with rainfall amount although crust thickness is weakly correlated with rainfall amount. Threshold velocity was never exceeded for this soil.
Silt Loam
Threshold friction velocity for soil sample NE 3 responded to cumulative rainfall, as shown in Figure 4 . After a slow drying of the wetted soil that had initially been smooth-loose, following a 4-cm rainfall, the soil developed a crust that was resistent to wind erosion. The precipitation in the case shown in Figure 6 When the initial soil condition was cloddy, a change toward a more crusted soil was observed. That is, after 6-cm accumulated rain moistened the clods on sample NE 3, the cloddy structure was destroyed and the soil became flatter and more crusted. In Figure 6 the threshold velocity, initially very high for the cloddy condition, remained very high for the crusted soil.
Loam Texture
Threshold friction velocities for soil samples NE 1, NE 2, and NE 4 are also shown in Figure 6 , for initially cloddy conditions. As with soil sample NE 3, cloddy structure was destroyed by rainfall and erosion-resistant crusts were formed, while smooth-loose structure (Figure 4 ) was aggregated into a crust that was very resistent to soil erosion. From our observations, wetting and drying cycles associated with precipitation. As shown in Figure 10 , the change in soil bulk density is not great. For initially cloddy soils, however, large air pockets between clods resulted in lower initial bulk density. The flattening, filling, and crust-forming processes associated with precipitation effectively increased soil bulk density, as seen in Figure 11 . For the samples that were collected, the predictive value for threshold friction velocity of bulk density was not seen.
Synthesis of Observations on Effects of Precipitation
These observations on the effect of precipitation on threshold friction velocities were synthesized and are presented in Table 7 . Table 7 gives ranges of threshold velocities before and after precipitation, using the data of Table 5 Presence of live vegetation usually precludes active wind erosion damage. Such a situation was present in sample CO 1, where winter wheat plants effectively prevented wind erosion for friction velocities in excess of 90 cm s 4. In some cases, however, such as sample NE 6, winter wheat was not sufficient to prevent wind erosion damage caused by sand incursion from an upwind flat sandy area having a low friction threshold velocity. Indeed, several observers have noted that wind erosion often spreads into agricultural fields from upwind eroding areas, such as unpaved roads, barrow pits, or other agricultural fields. Several examples have been noted of erosion taking place in fields having sufficient cloddiness to prevent erosion, or in fields having sufficient vegetative residue to prevent erosion, by the incursion of sandblasting sand from an upwind source having a low threshold friction velocity. Values of u,t are in centimeters per second.
*Clay must be distinguished between that high in organics (mollisolic) or that low in organic (as in arid regions).
•'High winds during the drying process cause drying and erosion of a thin surface layer and much dust production, while the remaining soil is saturated with water.
surface. In western Nebraska, for example, fallowing typically takes place every third year. By vegetative decay and farm tillage operations, the residue is gradually reduced. In some for the same distribution of wind speeds, increased wind erosion.
CONCLUSIONS
We organized threshold friction velocities for agricultural soils according to texture of the surface soil. Soil composition was used to organize the soils for clay and silty clay textures with respect to organic-rich and organic-poor soils. Calcareous loams, silt loams, silty clay loams and clay loams (soils of the WEG 4L classification) were distinguished from noncalcareous soils of the same textural classes. Threshold friction velocities increase from a minimum for sand textures to a maximum for loamy soils. The effects of wetting the soils by precipitation is minimal for the low threshold velocity soils and high for the high threshold velocity soils. The timing of high, drying winds after thorough soil wetting is critical for loamy soils. If the wind occurs while the soil is still wet, wind erosion is quite likely to occur; if it follows after surface crusting has taken place, wind erosion is avoided. A summary of results appears in Tables 6 and 7. 
